Neuropeptide Y (NPY), a peptide synthesized in the hypothalamic arcuate nucleus, is implicated in the physiologic control of food intake and body weight. Because both genetic (e.g. in obese ob/ob mice) and acquired leptin deficiency (e.g. fasting in normal mice) increase hypothalamic NPY accumulation, and as leptin administration reverses this effect, we hypothesized that leptin inhibits transcription of the NPY gene by arcuate nucleus neurons. To test this hypothesis, we studied mice with a targeted mutation of the NPY gene (NPY knockout mice), in which the lacZ reporter gene was inserted into the first exon of the NPY gene. As a result, these mice express ␤-galactosidase (␤gal; the enzyme encoded by lacZ) in neurons that normally express the NPY gene. To determine whether ␤gal staining provides a valid measure of lacZ expression, we used a histochemical method to count the number of ␤gal ϩ neurons in coronal sections of brain tissue from mice bearing either one (NPY ϩ/Ϫ ) or two (NPY Ϫ/Ϫ ) mutant alleles. In both the arcuate nucleus and the thalamic reticular nucleus, ␤gal ϩ cell number was 260% higher in NPY Ϫ/Ϫ than in NPY ϩ/Ϫ mice (P Ͻ 0.05). Fasting for 48 h also increased the mean ␤gal ϩ cell number in the arcuate nucleus of NPY ϩ/Ϫ mice by 260% (P Ͻ 0.001), but had no effect in the thalamic reticular nucleus. Similarly, obese leptin-deficient ob/ob, NPY ϩ/Ϫ mice had a 67.3% increase in arcuate nucleus ␤gal ϩ cell number compared with lean ob/ϩ, NPY ϩ/Ϫ littermates (P Ͻ 0.05), and this effect was attenuated 36.6% (P Ͻ 0.05) by leptin administration (70 g/day, ip, for 4 days). Based on the results of this novel method for measuring NPY gene transcription in vivo, we conclude that both fasting and genetic leptin deficiency increase NPY gene transcription in the arcuate nucleus and that this transcriptional response is attenuated by leptin administration in ob/ob, NPY ϩ/Ϫ mice. (Endocrinology 139: 2629 -2635, 1998) T HE ADIPOCYTE hormone, leptin, is implicated in the negative feedback control of energy balance, and several observations suggest that the hypothalamic arcuate nucleus is an important site of its action. Leptin receptors are expressed at high levels in the arcuate nucleus (1, 2), as is neuropeptide Y (NPY), a potent stimulator of food intake (3) that is implicated in the neuroendocrine response to weight loss (4). Activation of this NPY system appears to be a component of the response to leptin deficiency, as mice with genetic leptin deficiency (ob/ob mice) overexpress hypothalamic NPY (5), and leptin administration to ob/ob mice (6, 7) and to fasted mice (8) and rats (1) attenuates this response. Leptin deficiency is, therefore, considered to be a signal to the brain that fuel stores are depleted (8), with increased NPY synthesis and release being one component of the hypothalamic response to this stress.
T HE ADIPOCYTE hormone, leptin, is implicated in the negative feedback control of energy balance, and several observations suggest that the hypothalamic arcuate nucleus is an important site of its action. Leptin receptors are expressed at high levels in the arcuate nucleus (1, 2) , as is neuropeptide Y (NPY), a potent stimulator of food intake (3) that is implicated in the neuroendocrine response to weight loss (4) . Activation of this NPY system appears to be a component of the response to leptin deficiency, as mice with genetic leptin deficiency (ob/ob mice) overexpress hypothalamic NPY (5) , and leptin administration to ob/ob mice (6, 7) and to fasted mice (8) and rats (1) attenuates this response. Leptin deficiency is, therefore, considered to be a signal to the brain that fuel stores are depleted (8) , with increased NPY synthesis and release being one component of the hypothalamic response to this stress.
In ob/ob mice, the effect of leptin to lower NPY messenger RNA (mRNA) levels has been detected only in the arcuate nucleus (6) . Arcuate nucleus neurons, therefore, appear to be uniquely sensitive to leptin's effects on NPY gene expression.
Similarly, fasting increases NPY mRNA expression in the arcuate nucleus of normal rats without affecting NPY mRNA levels in other brain areas (9) . The molecular mechanisms that regulate NPY gene expression in arcuate nucleus neurons are unknown, but could involve changes in NPY gene transcription, stability of the NPY mRNA transcript, or both. Efforts to study the control of NPY gene expression at the molecular level, however, are complicated by the highly localized nature of the response of NPY neurons to hormonal and metabolic stimuli. Conventional assays of gene transcription and mRNA stability that use cell culture systems are limited by the fact that neurons maintained in cell culture are unlikely to possess the functional characteristics that distinguish the arcuate nucleus from other neuronal populations. We, therefore, developed an approach that provides a measure of NPY gene transcription in brain tissue in vivo. This was accomplished using mice with a targeted mutation of the NPY gene in which the lacZ reporter gene is inserted into the first exon, where it is under control of the NPY gene promoter (10) . The product of the lacZ gene, ␤-galactosidase (␤gal), is, therefore, expressed in NPY neurons after activation of the NPY promoter.
Materials and Methods

Study animals and protocols
The NPY gene was disrupted in mouse embryonic stem cells by homologous recombination using a targeting vector described previously (10). The lacZ reporter gene was modified to include a nuclear localization signal, such that the gene product (␤gal) is concentrated in the cell nucleus (11) . Mice heterozygous or homozygous for mutation of the NPY gene (NPY Ϫ/Ϫ ) were identified by DNA blot hybridization using probes for lacZ and a region of the NPY gene that was deleted (10) . Genetically leptin-deficient NPY ϩ/Ϫ mice were generated by crossing mice homozygous for targeted disruption of the NPY gene (NPY Ϫ/Ϫ ) with mice heterozygous for the ob mutation (ob/ϩ), as previously reported (12) . Offspring bearing the ob/ob, NPY ϩ/Ϫ genotype were identified by PCR (for ob/ob) and dot hybridization for NPY. All experimental protocols were approved by the animal care committee of the University of Washington. Water was available to the study animals at all times, and standard rodent chow (Teklad) was available ad libitum except where otherwise indicated.
Exp 1
To investigate the gene dosage effect of the mutant NPY allele on the number of cells staining positively for ␤gal (␤gal ϩ ) in the brain, NPY ϩ/Ϫ mice (n ϭ 6) and NPY Ϫ/Ϫ littermates (n ϭ 9) weighing 29.0 Ϯ 2.0 and 28.1 Ϯ 2.0 g, respectively (P ϭ 0.76), were killed by CO 2 inhalation in the early light phase (between 0900 -1200 h). All animals had ad libitum access to food before death. Brains were rapidly removed, frozen on crushed dry ice, and stored at Ϫ70 C until assay.
Exp 2
To determine the effect of fasting on the number of ␤gal ϩ cells in the arcuate nucleus, NPY ϩ/Ϫ mice, weighing 25.3 Ϯ 1.0 g, were either fed ad libitum (n ϭ 10) or food deprived for 48 h (n ϭ 10), then killed, and brains were removed as described for Exp 1. Drinking water was available to both groups at all times.
Exp 3
To determine the effect of genetic leptin deficiency on the number of ␤gal ϩ cells in the arcuate nucleus, obese ob/ob mice heterozygous for targeted disruption of the NPY gene (ob/ob, NPY ϩ/Ϫ ) received single daily ip injections of either murine leptin (70 g; n ϭ 8; a gift from Zymogenetics) or saline vehicle (n ϭ 8) for 4 days. Food intake and body weight were measured daily, and mice were killed and brains removed as described above between 0800 -1200 h on the morning of the fifth day. Untreated littermates heterozygous for both the ob mutation and targeted disruption of the NPY gene (ob/ϩ, NPY ϩ/Ϫ ; n ϭ 5; weight, 25.9 Ϯ 0.9 g) were also killed for comparison to data obtained in leptin-deficient mice. Blood from each animal was obtained by cardiac puncture, separated into serum, and stored at Ϫ20 C until assay of glucose and insulin concentrations.
␤Gal staining and quantitation
Coronal cryostat sections (14 m) were thaw-mounted on slides, washed for 2 min in iced PBS, and fixed for 5 min in ice-cold 0.02% glutaraldehyde-3.8% formaldehyde. Fixed tissue sections were incubated at 37 C in a solution containing PBS, potassium ferricyanide, potassium ferrocyanide, MgCl, and galactopyranoside dissolved in dimethylsulfoxide (11) . ␤gal ϩ cells were identified by their blue-staining nuclei. To determine the time course of ␤gal staining in the arcuate nucleus, coronal sections from NPY Ϫ/Ϫ (n ϭ 2) and NPY ϩ/Ϫ mice (n ϭ 3) were incubated as described above for a total duration of 72 h. At selected time points, the slides were removed, and the number of ␤gal ϩ cells in the arcuate nucleus was determined from three sections from each animal. The slides were then returned to the incubation solution. Based on the results of this experiment, slides were incubated for 24 h in all subsequent experiments. Quantitation of ␤gal ϩ cell number in the arcuate nucleus and thalamic reticular nucleus was performed by a technician blinded to the study conditions. Brain areas were imaged in 24-bit color using a Sony color CCD camera (Sony Corp., Park Ridge, NJ). Thresholding of color images was based on color intensity, hue, and saturation, using an automated algorithm in the image analysis software (MCID, St. Catherines, Canada). ␤Gal ϩ cells were defined on the basis of a suprathreshold density detected in a contiguous area of sufficient size to exclude background staining artifact. In each coronal brain slice, the number of ␤gal ϩ cells was determined in both the hypothalamic arcuate nucleus and the thalamic reticular nucleus by computing the total number of suprathreshold pixels and dividing by the mean pixel number per cell. This estimate was employed to eliminate quantitation artifact due to overlap of adjacent cells that stain positively for ␤gal. A total of 10 sections were selected at equidistant intervals throughout the entire rostro-caudal extent of the arcuate nucleus of each animal (Ϫ2.0 to Ϫ3.5 mm caudal to bregma), and the mean number of ␤gal ϩ cells from each anatomical region was determined for each study group.
Plasma assays
For Exp 2, plasma glucose concentrations were measured by the glucose oxidase method (Glucose Analyzer II, Beckman Instruments, La Brea, CA). Plasma immunoreactive insulin levels were measured by RIA using a rat insulin standard (13) .
Statistical analysis
Unless otherwise noted, data are presented as the mean Ϯ sem.
Comparisons between data sets in Exp 1 and 2 used two-tailed Student's t test. One-way ANOVA with Fisher's test for multiple comparisons was used to compare data obtained in the three groups of animals studied in Exp 3. The null hypotheses of no difference between groups was rejected at P Ͻ 0.05.
Results
Exp 1
To determine the impact of lacZ allele number on the number of ␤gal ϩ cells in the arcuate and reticular nuclei, brain sections from NPY ϩ/Ϫ and NPY Ϫ/Ϫ mice were compared after staining for ␤-galactosidase activity. ␤gal ϩ cells were detected in the cerebral cortex, hippocampus, thalamus, and hypothalamus in both NPY Ϫ/Ϫ and NPY ϩ/Ϫ mice. Within the hypothalamus of both genotypes, ␤gal staining was detected only in the arcuate nucleus. In the thalamus, ␤gal ϩ cells were observed only in the reticular nucleus. In NPY Ϫ/Ϫ mice, the number of ␤gal ϩ neurons was visibly increased in both the arcuate and reticular nuclei compared with that in NPY ϩ/Ϫ mice (Fig. 1) . To determine the optimal incubation time for detecting differences in lacZ gene expression, we measured the time course of the appearance of ␤gal ϩ cells in the arcuate nucleus of NPY Ϫ/Ϫ and NPY ϩ/Ϫ mice ( Fig. 2A) . The maximum number of ␤gal ϩ cells was detected at 24 h. ␤Gal ϩ cells were detectable after 1-h incubation in NPY Ϫ/Ϫ , but not NPY ϩ/Ϫ , mice. The time required for the appearance of the half-maximal ␤gal ϩ cell number was reduced by 60% (3.5 vs. 9.0 h) in mice with two, compared with only one, mutant allele, and the maximal number of ␤gal ϩ cells detected in NPY Ϫ/Ϫ mice was 203% (P Ͻ 0.05) of that detected in NPY ϩ/Ϫ mice. This leftward shift in the time course of appearance of ␤gal ϩ cells in mice bearing two copies, compared with a single copy, of the lacZ allele suggests that ␤gal ϩ cell number increases in parallel with increases in lacZ gene transcription. We selected a 24-h incubation time to detect differences in ␤gal ϩ cell number in subsequent experiments, because this duration yields the maximum number of ␤gal ϩ cells and is associated with an approximate doubling of the number of ␤gal ϩ cells in mice with two copies of the lacZ allele compared with that in mice that have one copy.
Computerized image analysis
Regional variation in ␤gal ϩ cell number was observed in both the arcuate and reticular nuclei of both genotypes of mice. The maximal ␤gal ϩ cell number was detected in the midregion of the arcuate nucleus, whereas in the reticular nucleus, the peak ␤gal ϩ cell number was reached in its rostral aspect (Fig. 2B) . Throughout the rostro-caudal extent of both brain regions, however, NPY Ϫ/Ϫ mice had more ␤gal ϩ cells than did NPY ϩ/Ϫ mice, with a mean increase of 260% detected in both the thalamus and the hypothalamus.
Exp 2
To determine whether fasting increases transcription of the NPY gene in arcuate nucleus neurons, the number of ␤gal ϩ cells in brain sections from NPY ϩ/Ϫ mice deprived of food for 48 h were compared with those obtained from controls fed ad libitum. In fasted mice, the number of arcuate nucleus neurons staining positively for ␤gal was visibly increased (Fig. 3) . The mean number of ␤gal ϩ cells per section of arcuate nucleus varied considerably (from 2-12) throughout its rostro-caudal extent in NPY ϩ/Ϫ mice that were fed ad libitum, with the maximal number of ␤gal ϩ cells located in the midregion of the arcuate nucleus (Fig. 4) . Although the distribution pattern of ␤gal ϩ cells throughout the length of the arcuate nucleus was similar in food-deprived NPY ϩ/Ϫ mice, the mean ␤gal ϩ cell number was consistently higher than that in fed controls (Fig. 4) . In contrast, no effect of food deprivation was observed on the number of ␤gal ϩ cells in the thalamic reticular nucleus (Fig. 4) . Thus, fasting increased mean ␤gal ϩ cell number in the arcuate nucleus by 260%, but had no effect in the reticular nucleus (Fig. 4) . The effect of fasting to increase expression of the lacZ reporter gene, therefore, was localized to the arcuate nucleus.
Exp 3
To determine whether leptin attenuates ␤gal expression in the arcuate nucleus, four single daily injections of leptin (70 g ip) were given to obese leptin-deficient ob/ob, NPY ϩ/Ϫ mice. Compared with saline, leptin reduced mean daily food intake by 66% over the 4 days of administration (P Ͻ 0.05) and suppressed food intake maximally (20% of the control intake) on days 3 and 4 (Fig. 5A ). This decline in food intake was associated with a significant decrease in body weight (Ϫ12.6%; Table 1 ). Leptin also significantly reduced serum glucose (Ϫ37%) and insulin concentrations (Ϫ95%) in ob/ob, 
NPY
ϩ/Ϫ mice to values similar to those measured in lean ob/ϩ, NPY ϩ/Ϫ mice ( Table 1 ). The distribution of ␤gal ϩ cells throughout the arcuate nucleus in both leptin-treated and saline-treated ob/ob, NPY ϩ/Ϫ mice was similar to that in leptin-replete ob/ϩ, NPY ϩ/Ϫ mice (data not shown). However, the mean number of arcuate nucleus ␤gal ϩ cells was 67.6% higher in saline-treated ob/ob, NPY ϩ/Ϫ mice (P Ͻ 0.05) than in untreated lean littermates (ob/ϩ, NPY ϩ/Ϫ mice), as shown in Fig. 5B . This effect of genetic leptin deficiency was attenuated by 36.2% (P Ͻ 0.05) in leptin-treated ob/ob, NPY ϩ/Ϫ mice, although the values remained significantly above those observed in nonobese, leptin-replete ob/ϩ, NPY ϩ/Ϫ mice (Fig. 5B) . Therefore, leptin administration for 4 days to leptin-deficient mice significantly attenuated the increase in the number of ␤gal ϩ neurons in the arcuate nucleus detected in leptin-deficient mice. Compared with leptin-replete ob/ϩ, NPY ϩ/Ϫ mice, the saline-treated ob/ob, NPY ϩ/Ϫ mice also showed elevations of reticular nucleus ␤gal ϩ cell number (Fig. 5B ), but leptin administration did not reduce ␤gal ϩ cell number in the reticular nucleus.
Discussion
Increased NPY biosynthesis and release is a component of the hypothalamic response to conditions associated with weight loss (e.g. fasting and uncontrolled diabetes) or genetic defects in leptin signaling (e.g. ob/ob and db/db mice and fa/fa rats) (5, 9, 13-16). The purpose of the current study was to determine whether these changes in NPY mRNA reflect activation of NPY gene transcription in the hypothalamus. We, therefore, studied mice with a targeted mutation of the NPY gene in which exon 2 is replaced with the lacZ reporter gene (10) and found that NPY gene transcription in the arcuate nucleus is increased by both fasting and genetic leptin deficiency, as measured by the number of neurons staining positively for ␤gal. These results establish leptin as a hormonal regulator of hypothalamic NPY gene transcription in vivo.
We quantified ␤gal expression in neurons by counting the number of ␤gal ϩ cell nuclei, which provides an indirect measurement of lacZ expression. The rationale for this approach was based on the time course of ␤gal ϩ staining in brain sections from mice bearing either one (NPY ϩ/Ϫ ) or two lacZ alleles (NPY Ϫ/Ϫ ; Fig. 2A ). This analysis revealed an effect of lacZ allele number on both the rate of appearance and the maximal number of ␤gal ϩ cells in the arcuate nucleus compared with those in NPY ϩ/Ϫ mice; the incubation time required to yield the half-maximal ␤gal ϩ cell number was reduced by 60%, and the maximal ␤gal ϩ cell number was doubled in NPY Ϫ/Ϫ mice. One explanation for this result is that differences in the rate of reporter gene transcription determine whether the amount of ␤gal that accumulates intracellularly will be sufficient to permit detection in our assay. Based on the assumption that the amount of ␤gal synthesized per neuron varies in direct proportion to the number of lacZ alleles, these observations suggest that differences in lacZ gene transcription are reflected by differences in ␤gal ϩ cell number that vary with the duration of the assay. As incubation for 24 h yielded an approximate doubling of ␤gal ϩ cells in NPY Ϫ/Ϫ compared with NPY ϩ/Ϫ mice, we selected this duration to estimate lacZ gene transcription in subsequent experiments.
Because the lacZ gene was inserted into the first exon at the initiation codon of NPY, the 5Ј-flanking sequences are unaffected. Thus, the promoter and enhancer elements that regulate NPY should now regulate the lacZ gene, although it is possible that regulatory elements may lie downstream of the initiation codon that have been deleted, disrupted, or inappropriately displaced. It is unlikely that cell-specific enhancers in the NPY gene were affected, however, because ␤gal cells were previously detected only in areas known to express NPY in both the brain and the periphery (10). This method, therefore, should be generally applicable for measuring the in vivo regulation of gene transcription in animals in which a lacZ gene is targeted appropriately to a gene of interest. In the nervous system, this method relies on the targeting of ␤gal to the cell nucleus to prevent its transport to axon terminals, although in other tissues, this step may not be required.
The well documented effect of fasting to increase NPY mRNA levels within arcuate nucleus neurons (8, (17) (18) (19) could reflect an increase in NPY gene transcription, increased stability of its mRNA transcript (20) , or both. Our results provide direct evidence that increased NPY gene expression during fasting involves an increase in transcription. Although our findings do not exclude the possibility that fasting also affects NPY mRNA stability, such an effect is unlikely to explain the differences in ␤gal staining that we observed. This is because the lacZ mRNA produced from the targeted allele bears only a small portion of the 5Ј-untranslated region of NPY fused to lacZ mRNA, with a 3Ј-untranslated region derived from the mouse protamine 1 gene. Thus, proteins that might stabilize NPY mRNA are unlikely to recognize the lacZ reporter gene mRNA.
The effect of fasting to increase NPY gene transcription in NPY ϩ/Ϫ mice was detected throughout the rostro-caudal length of the arcuate nucleus and was most prominent in its midregion and rostral portions. This finding is similar to the regional pattern of increase in the NPY mRNA content of the arcuate nucleus of fasted rats (17) . In contrast, fasting did not influence NPY gene transcription in the thalamus, suggest- ing that arcuate nucleus neurons possess unique characteristics that permit physiological changes in the hormonal or metabolic milieu to be transduced into changes in NPY gene transcription. A wide variety of metabolic and hormonal responses to fasting are implicated as signals to arcuate nucleus neurons that may influence expression of the NPY gene (1, 8, 18 -25) . To investigate the role of leptin deficiency as a stimulus to arcuate nucleus NPY gene transcription, we studied obese, leptin-deficient ob/ob mice heterozygous for the mutant NPY allele. We found that genetic leptin deficiency increased NPY gene transcription in the arcuate nucleus, although the effect appeared to be somewhat smaller than that elicited by fasting. The increase in ␤gal ϩ cell number was also smaller than the 4-fold increase in NPY mRNA previously reported in the hypothalamus of ob/ob mice (5). Although our findings suggest that hypothalamic NPY gene transcription is increased in ob/ob mice, an increase in mRNA stability may also contribute to increased NPY mRNA expression in the hypothalamus of these animals.
Leptin-deficient ob/ob mice suffer from a variety of neuroendocrine and metabolic disturbances, many of which have the potential to influence hypothalamic NPY gene expression. To investigate whether leptin deficiency per se increases hypothalamic NPY gene transcription, we administered leptin to ob/ob, NPY ϩ/Ϫ mice for 4 days. We found that ␤gal ϩ cell number in leptin-treated ob/ob, NPY ϩ/Ϫ mice was significantly reduced compared with that in vehicle-treated ob/ob, NPY ϩ/Ϫ controls. This finding strengthens the conclusion that leptin inhibits NPY gene transcription in the arcuate nucleus in vivo. Leptin treatment, however, did not completely normalize the number of ␤gal ϩ neurons detected in the arcuate nucleus of ob/ob mice despite marked suppression of food intake. Thus, factors other than leptin de- ficiency may stimulate NPY gene transcription in the hypothalamus of ob/ob mice. One caveat to this conclusion is that the time course over which a decrease in lacZ gene transcription results in reduced ␤gal staining is unknown. As ␤gal ϩ cells may persist transiently after lacZ transcription ceases, measures of ␤gal staining may underestimate the extent to which NPY gene transcription is inhibited by leptin.
Pathways other than those containing NPY appear to be capable of mediating at least some of leptin's effects in the brain. For example, leptin receptors in the arcuate nucleus are abundantly expressed by neurons containing POMC (26) . Therefore, it is possible that leptin alters the function of a population of neurons that make synaptic contacts with arcuate nucleus NPY neurons and that changes in the firing rate of these neurons in response to leptin produce changes in NPY gene transcription. This possibility suggests that both direct (27) and indirect mechanisms may contribute to leptin's effects on NPY gene transcription.
As overeating, obesity, and numerous neuroendocrine and metabolic defects in ob/ob mice are attenuated by genetic NPY deficiency (12) , NPY activation appears to be a key component of the response to a sustained reduction in leptin signaling. The ability of leptin to constrain activation of the NPY pathway, therefore, is likely to be an integral component of its role in energy homeostasis. This observation supports our conclusion that inhibition of hypothalamic NPY gene transcription is an important mechanism by which leptin regulates body weight. 
